The actual role of programmed cell death (PCD) in embryonic processes and the extrinsic signals that define the death fate in developing cells are still poorly understood. Here, we show that during secondary palate shelf fusion in the mouse, PCD appeared in the medial edge epithelia (MEE) of the anterior region only after shelf contact. Contact was necessary for efficient cell death activation in the MEE. However, exogenous all-trans-retinoic acid (RA) increased cell death independently of contact. Competence to induce cell death by contact or by RA exposure was obtained when the MEE were close to touch. Endogenous RA is a relevant regulator of the secondary palate PCD since this was reduced by a retinol dehydrogenase inhibitor and an RAR specific antagonist. Bmp-7 expression was positively regulated by RA. However, BMP-7 was unable to activate cell death within the palate tissue and NOGGIN, a natural BMP antagonist, did not block PCD. Reduction of PCD at the MEE directly with a caspase inhibitor or by inhibiting retinol dehydrogenase resulted in unfused palate shelves, but adhesion was not affected. In contrast, exogenous RA also blocked fusion, but in this situation the increased cell death within the MEE appeared to affect adhesion, thereby causing cleft palate in vivo. © 2002 Elsevier Science (USA)
INTRODUCTION
The formation of the secondary palate is a good model for studying the mechanisms involved in tissue fusion, a recurrent process during the morphogenesis of many structures. In the mouse, secondary palate shelves arise from the developing maxillary process at 12.5 days post coitus (d.p.c.) by initially growing in a vertical direction and then reaching a horizontal position at 14.5 d.p.c. (Ferguson, 1988) . At this time, the palate shelves are ready to make contact with each other and thereupon to fuse. Contact occurs at the leading growing borders of the shelves, a region known as the medial edge epithelium (MEE). After contact, adhesion between shelves progresses within the MEE to form the midline epithelial seam (MES). The MES is first a multilayer epithelium, which then thins to form a single cell epithelium at the time some cells derived from the MEE accumulate at its oral and nasal ends. MES elimination results in shelf fusion and separation of the nasal and oral cavities.
PCD accompanied by the typical characteristics of apoptosis has been observed in the MES (DeAngelis and Nalbandian, 1968; Farbman, 1968; Mori et al., 1994; Smiley and Dixon, 1968; Taniguchi et al., 1995) . However, controversial data have left many unanswered questions such as: How important is shelf contact for the initiation of PCD? What is the role of PCD during shelf fusion? What is the major fate of MEE cells? While cell death may be considered the most obvious way to degenerate the MEE, other mechanisms such as epithelial-mesenchyme transformation (Fitchett and Hay, 1989) or formation of the epithelial triangles by migration of epithelial cells across the fusion line (Carette and Ferguson, 1992) , have also been proposed as being relevant for the fusion process. A recent study (Martínez-Alvarez et al., 2000) , suggested that MEE cell death, transformation into mesenchyme, and migration, all contribute to the fusion process. Nonetheless, there is currently no conclusive evidence indicating the essential function of any of these processes for shelf fusion.
The activation phase of PCD is likely to result from a balance between survival and cell death-inducing signals (Raff, 1992) . However, little is known about the specific extrinsic molecules that determine the death fate of developing cells in vivo. Because BMP-2, BMP-4, and BMP-7 are potent inducers of cell death in several model systems (Graham et al., 1994; Macias et al., 1997) , they are potential candidates for controlling PCD in the palate. In fact, several BMPs are expressed in the palate (Bitgood and McMahon, 1995; Lu et al., 2000) but their function has not been clearly defined. Retinoic acid (RA) could be another factor that may control PCD. Exogenous RA has been shown to activate apoptosis of different cell types when injected into pregnant mice (Sulik et al., 1988) . RA is a strong teratogen with very sensitive dose and stage dependent effects on palate formation (Abbott et al., 1989; Newall and Edwards, 1981a; . RA-induced cleft palate could be caused by inhibition of shelf growth or of shelf fusion itself. However, the possibility that RA regulates PCD at the MES has not been evaluated.
In the present work, we investigated the regulatory elements that control PCD at the MEE of secondary palate shelves. We have identified contact as a relevant event for MEE PCD activation and RA as a molecule that mediates this activation. Interestingly, MEE cells become competent to undergo cell death at the developmental stage when the shelves are in close proximity to each other. We also studied the relevance of MEE PCD in shelf fusion and found that PCD is required for the fusion process. Therefore, alterations in the regulatory events controlling PCD could produce cleft palate in vivo.
MATERIALS AND METHODS

Animal Handling and Palate Dissection
Mouse strain CD-1 was used in this study. Pregnant females were sacrificed by cervical dislocation between 12.5 and 18.5 d.p.c. (vaginal plug was found at 0.5 d.p.c.). Apposition and contact of palate shelves occur between 14.3-14.5 d.p.c., although some differences exist even within the same litter. Palates were isolated from embryos by performing two transversal cuts ( Fig. 1 ), one just above the eye, and the second throughout the mouth over the tongue. From this slice, we removed the rest of the tissue with two cuts following the natural form of the palate. Dissected palates were either immediately processed for cell death detection as described below, or transferred to cold L15 medium (Microlab, Mé xico) until they were placed in culture.
To evaluate the in vivo effect of exogenous RA, a single intraperitoneal injection of 100 mg/kg RA suspended in 200 l of sesame oil (100 mg/ml stock solution in DMSO, stored at Ϫ70°C) was administered to pregnant females at 14.2 d.p.c. Controls were treated with the equivalent amount of DMSO according to their weight. After 8 h and at 18.5 d.p.c., fetuses were extracted and palates analyzed for cell death or teratogenic alterations, respectively.
Organ Culture
The protocol used to culture embryonic palates was based on the one used by Taketo and Koide to culture embryonic gonads (Taketo and Koide, 1981) . Selected palates, generally before shelf contact, were cultured on 0.22 m-pore Durapore membrane filter (Millipore) floating in defined McCoy 5a Modified Medium (Microlab), without serum and supplemented with 200 UI/ml penicillin G sodium, 200 mg/ml streptomycin sulfate, and 2 mM glutamine (Gibco, Grand Island, NY). Once in the filter, when required, shelves were brought into proximity with tweezers to ensure culture time 'zero' as the time of first contact. Cultures were maintained up to 20 h in a humidified incubator at 37°C, in 5% CO 2 , 95% air. Although occasionally in this work we cultured isolated shelves, whole palates were preferred because shelf fusion occurs more efficiently. We think that the tissue around the shelves helps to hold the natural concave form of the palate, favoring contact and allowing the complete fusion process to occur before 20 h of culture. All reagents and proteins assayed were added directly to the culture medium or absorbed in acrylic beads, and initially tested to determine the optimal concentration for the studies presented. RA and retinol (Sigma, St. Louis, MO, U.S.A.) were used at 20 and 200 M final concentration, respectively, from a 100 mM stock solution dissolved in DMSO and stored at Ϫ70°C. Palates were dissected from embryos by performing two transversal cuts, one just above the eye, and the second throughout the mouth over the tongue, such that the nasal cavity remained intact (A). From this slice we removed the rest of the tissue by two cuts following the natural form of the palate (B). Palates were set nasal side down in a Millipore filter and shelves were forced to touch (C). Finally, the filter was floated on a serum-free medium (D). bridge, MA), and NOGGIN (Regeneron, Tarrytown, NY) proteins were absorbed in PBS washed acrylic beads (80 -120 m in diameter; Sigma, St. Louis, MO) directly from a 1 mg/ml stock solution. Adenovirus infections were carried out by incubating palates from 13.5 embryos with 10 l of a virus suspension of approximately 10 8 pfu/l for 1.5 h at 37°C. After this period of time, palates were washed with L15 medium, shelves put in contact and cultured as indicated above for 24 h. For the limbs, adenovirus was injected in the interdigital region of limbs from 12.5 d.p.c. embryos and immediately cultured for 24 h as previously reported (Salas-Vidal et al., 1998) .
Cell Death Detection
For whole mount cell death detection, we incubated whole palates for 15 min at 37°C with 5 g/ml acridine orange (AO) in PBS (from a 5 mg/ml stock in PBS) followed by one wash with PBS. For cell death detection on sections, we performed TUNEL assays in 4% paraformaldehyde-fixed and paraffin-embedded 8 m serial sections of palates using the "In Situ Cell Death Detectionfluorescein" kit ('TUNEL-fluorescein'; Boehringer-Mannheim, Germany) and according to the manufacturer's instructions. Images were taken on a confocal microscope Bio-Rad MRC-600 equipped with a kripton/argon laser. AO and TUNEL-fluorescein stained tissues were excited with blue light (488 nm), and the red high-sensitivity filter was used to detect AO fluorescence, and the blue high-sensitivity filter for TUNEL-fluorescein fluorescence detection.
Whole Mount RNA in Situ Hybridizations
Hybridizations were performed following the protocol of D. G. Wilkinson and M. A. Nieto (Wilkinson and Nieto, 1993) . All palates analyzed were previously cultured for 10 h in the continued presence of RA, citral, nerol, and their respective control mediums, and stained with AO to corroborate the changes in cell death. These palates were fixed and processed for whole mount in situ hybridizations with digoxigenin-labeled riboprobes. The digoxigenin-labeled riboprobes were produced using T3 or T7 RNA polymerase (Gibco BRL, Grand Island, NY), depending on the specific fragment in pKS, following the manufacturer's instructions. The antisense riboprobes were for: Shh (539 bp transcript corresponding to nucleotides 61-600), Tgf␤3 (609 bp transcript corresponding to nucleotides 831-1440), Bmp-7 (1323 bp transcript corresponding to the full length cDNA), Bmp-4 (1550 bp transcript corresponding to full length cDNA), Msx-1 (650 bp long transcript corresponding to coding and noncoding regions 3Ј to the homeobox), Msx-2 (260 bp transcript corresponding mostly to 3Ј untranslated regions).
RESULTS
Programmed Cell Death during Palate Shelf Fusion
To study the role of cell death during secondary palate shelf fusion, we first followed this process during normal in vivo development. The palate can be divided in two regions: the anterior or hard palate, which is characterized by the presence of rugae, and the posterior or soft palate, which lacks rugae. Palates from mouse embryos between 12.5 and 16.5 d.p.c. were dissected and stained with AO, an indicator of cell death ( Fig. 2A) . The patterns obtained with AO were confirmed by the TUNEL assay performed on palate slices ( Fig. 2B ). At 12.5 d.p.c., secondary palate shelves were emerging and little cell death was detected in the shelves. The first signs of cell death in the palate shelves were detected at 13.5 d.p.c. in the most anterior rugae and, as development proceeded, cell death started appearing in the posterior rugae, until it became undetectable in embryos at 16.5 d.p.c. These dying cells were located within the epithelial tissue (Fig. 2B, 14 .5e/r1). Cell death in rugae may be associated with their formation.
As seen in Fig. 2A (14.5c ), the first shelf contact occurred at 14.5 d.p.c. in the anterior region between rugae 3 and 4, and adhesion moved rapidly to the posterior end and slowly to the anterior end ( Fig. 2A, 14 .5c-h). Cell death at the MEE was initially only detected within the posterior palate, before shelf contact ( Fig. 2A, 14 .5 days). Cell death in this region extended rostrally from its most caudal portion as development proceeded ( Fig. 2A,  14 .5 days-f). After shelf contact, cell death could be detected in the MEE of the anterior palate, but only in the adhered region ( Fig. 2A, 14 .5e-f; Fig. 2B ). Finally, cell death coming from the MEE of the anterior and posterior palate regions converged to form a single line of cell death ( Fig. 2A, 14 .5f-h) essentially covering the whole MEE area and also the nasal septum contact regions ( Fig.  2B, 14 .5h). At 15.5 d.p.c., shelf fusion was very advanced and cell death at the MES had almost completely disappeared ( Fig. 2A ). The posterior palate shelf region also showed cell death at well defined spots, which may correspond to emerging gustative papilla (see for instance Fig. 2A, 15 .5). In agreement with previous reports (Martinez-Alvarez et al., 2000; Mori et al., 1994) , very few dying cells were located outside the epithelial tissue.
The data described above illustrate two distinctive cell death patterns. One occurring in the posterior palate, where PCD is first observed in the MEE before shelf contact and also in the emerging gustative papilla. The other is seen in the anterior palate, in which PCD is first observed in the rugae, which follows an anterior-posterior direction, and in the MEE after shelf contact.
Role of Contact in Triggering Cell Death at the MES
To test the possibility that contact between shelves at the anterior region is one of the events required to trigger cell death, we studied cell death during palate shelf fusion in vitro (Fig. 3 ). One and a half-hour after contact, adhesion between shelves was very strong (i.e. shelves did not separate even when pulled with forceps) but no signs of cell death were as yet detected (Fig. 3 , ϩcontact/ 1.5). However, by 2 h, the first signs of cell death were observed within the adhered epithelia and became more evident by 3.5 h after contact ( Fig. 3 , ϩcontact/3.5). Cell death continued to increase and, by 6 h after contact, cell death was present along the whole length of the MES (Fig.  3 , ϩcontact/6/0). Interestingly, if palate shelves were not allowed to make contact, cell death was detected in very low density and only after 6 h in culture (Fig. 3 , Ϫcontact). Cell death in rugae was not affected by contact in these experiments. These data indicate that contact between shelves is required to efficiently induce PCD in the anterior palate MES.
FIG. 2. PCD patterns during palate development. Palates were dissected at different developmental stages, and immediately stained with AO (A) or processed for the TUNEL assay (B) as described in Material and Methods. Transverse slices shown in B are from the stage indicated at the left and at the level of the rugae indicated at the top. Note that cell death in the medial edge epithelia (mee) of the anterior region (ant) is observed only after shelves have gotten in contact, thus, within the midline epithelial seam (mes), whereas in the MEE of the posterior region (post) cell death is observed before contact. Cell death was also detected in the palate contact area within the nasal septum (ns), and in the rugae (r) and the putative papillae (p) of hard and soft palate, respectively, and also in the Rathke's pouch closure (rpc), developing incisors (i) and molars (m). Autofluorescence by erythrocytes within a blood vessel (v) was occasionally observed. Bar (A) ϭ 500 m; Bar (B) ϭ 100 m.
Role of RA in the Control of Cell Death during Palate Shelf Fusion
Palate shelves of 13.5 d.p.c. embryos that were forced to form contact, adhered only weakly, did not display cell death in the MEE (Fig. 3B , left panel) and did not fuse (data not shown). Moreover, when one 13.5 d.p.c. embryo palate shelf is put in contact with one 14.5 d.p.c. embryo palate shelf, cell death was turned on only in the MEE of the shelf from the 14.5 d.p.c. embryo (Fig. 3B, center panel) . These data are in agreement with the possibility that the palate shelf MEE produces a specific cell death inducing signal. This signal is already present in palates of 13.5 d.p.c. embryos and it activates cell death in a responsive cell population appearing around 14.5 d.p.c.
To test whether RA is a candidate cell death inducing molecule on palatal tissue, we cultured palates from 14.5 d.p.c. embryos for 8 h in the presence of all-trans-RA (RA) or retinol. As shown in Fig. 4A , RA increased cell death in the same regions that naturally display cell death, namely the rugae and the anterior and posterior regions of the MES. The same effect was observed in palates cultured with retinol, though, as expected, higher doses were required. In the absence of contact, RA was able to induce cell death along the whole length of the MEE of palate shelves from 14.5 d.p.c. embryos, and with a kinetic profile that was very similar to that induced by contact (Fig. 3A , bottom panels). Interestingly, palate shelves from 13.5 d.p.c. embryos treated with RA show an evident increase in cell death only in rugae and not within the MEE (Fig. 3B , right panel).
To confirm the effects described above for RA and retinol, and to determine whether endogenous RA could participate in triggering the PCD observed in the palate, we used citral, an inhibitor of alcohol dehydrogenases including retinol dehydrogenase (Kikonyogo et al., 1999; Schuh et al., 1993; Tanaka et al., 1996) , and AGN193109, an retinoic acid receptor (RAR) antagonist. Citral reduced the cell death observed naturally in the rugae and in the anterior and posterior MES (Fig. 4A ), suggesting that endogenous RA is activating cell death in those palate regions. Supporting the specific inhibitory activity of citral on retinoldehydrogenase, this compound reduced the effects on cell death produced by exogenous retinol but not by RA. Nerol, an analogous compound to citral without alcohol dehydrogenase inhibitory activity, did not show any effect. As expected, the effect of citral was reversible because cell death occurred after its removal from the culture medium (data not shown). AGN193109, a synthetic RAR antagonist (Johnson et al., 1995) , also reduced the natural cell death in both the rugae and MES, and the cell death activated by exogenous RA or AGN191183, a potent RAR agonist (Fig. 4B ). Note that RA regulation is also observed in the regions of the posterior palate undergoing PCD. Therefore, RA is an endogenous mediator of the cell death occurring during palate development, and signaling by this molecule is likely to be initiated soon after contact of anterior shelf regions.
Gene Activation by RA in Regions Carrying Programmed Cell Death and the Role of TGF␤ Family Members
We selected Bmp-4, Shh (Bitgood and McMahon, 1995) and Tgf␤-3 (Fitzpatrick et al., 1990; Pelton et al., 1990) for these studies because they are prominently expressed in the rugae or MES. Bmp-7 was also considered because recent evidence indicates that it is relevant for the control of interdigital cell death. At 13.5 d.p.c., Shh, Bmp-4, and Bmp-7 were expressed but not Tgf␤-3 (data not shown). At 14.5 d.p.c., expression of all these genes was more evident and some differences started to appear. Shh (Fig. 5A) and   FIG. 3 . Cell death patterns in palates cultured under different conditions. (A) Dissected palates from 14.5 d.p.c. embryos were cultured such that, at time '0Ј, shelf contact was forced (ϩcontact), or avoided (Ϫcontact) in the absence or presence of RA. Cell death pattern, determined by AO staining, is shown after the time in culture indicated. Cell death was observed only when contact was allowed or RA was added to the culture medium. These experiments were independently repeated at least three-times with similar outcome. (B) Palates from 13.5 d.p.c. embryos were also forced into contact, but cell death was not detected after 6 h in culture (left panel). Nonetheless, palates at this stage were able to activate cell death of 14.5 d.p.c. palates, but not vice versa (center panel). All-trans-RA increased cell death in rugae (arrowheads) but not in the MEE of 13.5 d.p.c. palates (right panel; C, palate cultured without RA). These experiments were independently repeated twice with similar outcome. Bar ϭ 250 m.
Bmp-4 (data not shown) were expressed only in rugae, the former in the epithelial tissue and the latter in the mesenchymal component (see also Bitgood and McMahon, 1995) . Tgf␤-3 was expressed only in the MES and MEE (Fig. 5J and K) with a pattern mainly restricted to the oral cavity side of MEE, both before ( Fig. 5J ) and after contact (Fig. 5K ). Bmp-7 was expressed in the epithelial component of the rugae and also in the MEE, though the expression region was broader than that seen for Shh or Tgf␤-3 (Fig. 5F) . The expression pattern of Bmp-7 in the MEE was similar to that of Tgf␤-3, that is, expression was higher in the oral than in the nasal side of MEE and was detected before (Fig. 5E ) and after contact (Fig. 5F) .
To define the molecular cascade that drives palate cells towards apoptosis, we studied the expression of the selected genes under conditions of high (with exogenous RA added) or low (with citral) RA concentrations (Fig. 5) . Whole palates were cultured in the presence of RA or citral and, after 10 h, they were processed for whole mount in situ hybridization. The expected effects on cell death were confirmed in these experiments. Bmp-4 expression was not clearly affected by either high or low RA concentrations (data not shown), whereas Bmp-7 expression increased at high RA concentration ( Fig. 5G ) and decreased at low RA concentrations (Fig. 5H) . Shh expression, on the other hand, was negatively regulated in response to high (Fig. 5B) , or low RA concentrations (Fig. 5C) , and was never detected in the MES. RA also affected Tgf␤-3 expression but, in this case, high RA concentration decreased expression ( Fig. 5L) , while low RA concentration increased expression ( Fig. 5M ). In summary, although endogenous and exogenous RA regulated Shh and Tgf␤-3 expression, only the changes observed in Bmp-7 expression correlated directly with the changes observed in cell death. Therefore, Bmp-7, which is expressed in both rugae and MEE, could be a direct mediator of the pro-apototic activity of RA.
Evaluation of BMP Function in Palate PCD
We tested the ability of BMP-7 (or of BMP-2) to induce cell death by adding it directly to the medium or by implanting acrylic beads containing the factor near rugae or MEE, before and during fusion ( Fig. 6A ; see Materials and Methods). No significant increases in cell death were detected under any of the conditions tested (data not shown). These experiments were also performed in the presence of RA and no cell death around the BMP-7 bead was observed.
We further investigated the possibility that endogenous BMP-7 participates in the natural PCD process. For this purpose, we tested the ability of two natural inhibitors of BMP signaling, NOGGIN (which acts at the extracellular level) and SMAD-6, (which acts at the intracellular level), to block PCD. As with BMP-7, we added NOGGIN directly to the medium or embedded it in acrylic beads (Fig. 6A) , whereas to overexpress Smad-6 in MEE cells, an adenovirus carrying the SMAD-6 coding sequence was used. Significant decreases in PCD were not observed with the introduction of either NOGGIN or SMAD-6 (data not shown). Infection
FIG. 4. Cell death effects of exogenous and endogenous RA. (A)
All-trans-RA or retinol (Rol), alone or in combination with the retinol dehydrogenase inhibitor, citral, or the inactive control reagent, nerol, were added to the medium and palates cultured for 8 h. Note that cell death was activated by RA and its precursor retinol, whereas citral inhibited natural and exogenous retinol-activated cell death. Nerol did not show any effect on cell death. Similar results were obtained in at least five independent experiments. (B) All-trans-RA or the specific RAR agonist, AGN 191183 (agnst), were added alone or in the presence of the specific RAR antagonist AGN193109 (antg). Note that both, RA and the RAR agonist activated cell death in rugae and MEE, whereas the RAR antagonist decreased natural and exogenously activated cell death. These experiments were repeated twice with similar outcome. Bar ϭ 500 m.
with an adenovirus carrying the LacZ gene showed very high transfection efficiency into MEE cells (Fig. 6E) . The BMPs and NOGGIN used in the above assays were demonstrated to be active by their ability to increase interdigital cell death or to inhibit natural and BMP-7-induced interdigital cell death, respectively (Figs. 6B-6D ). The activity of the SMAD-6 encoded in the recombinant adenovirus was demonstrated by its ability to inhibit natural interdigital cell death (Figs. 6F-6H) . These data indicate that BMPs do not play a role in palate PCD.
Inhibition of Cell Death during Palate Shelf Fusion
The pattern of PCD at the palate MES correlated with the process of shelf fusion. We wished to determine whether cell death was necessary for MES degeneration or was merely a consequence of the process. Caspases are considered central for the activation of PCD, particularly for the process occurring by apoptosis, and inhibition of these enzymes will lead to blockage in cell death (Milligan et al., 1995) . To determine whether the apoptotic cell death in the MEE is necessary for shelf fusion, we cultured whole palates just before shelf contact in the presence or absence of a broad-spectrum caspase inhibitor, z-VAD. The caspase inhibitor used was very effective in inhibiting the cell death in the palate rugae and MES as determined by AO staining after 8 h in culture (Fig. 7A, z-VAD) ; notably, adhesion was not affected. The caspase inhibitor also reduced the cell death induced by RA and retinol, supporting the notion that the induced cell death is apoptotic in nature (Fig. 7A , RA/z-VAD and Rol/z-VAD). Histological examination of palates cultured for 20 h in the absence of z-VAD showed that the MEE completely had disappeared, indicating complete fusion (Fig. 7B, control) . However, in the presence of z-VAD, although the fusion line epithelia thinned, the MEE did not disappear, thereby indicating poor fusion (Fig. 7B , z-VAD); intimate contact between epithelia was retained under this condition. Therefore, cell death at the MES is required for MEE degeneration and hence for palate shelf fusion.
In accordance with our data demonstrating that RA induced cell death at the MES, inhibition of retinol dehydrogenase also reduced MEE degeneration (Fig. 7B, citral) . Exogenous RA also inhibited shelf fusion, but in this case the increase in cell death clearly affected shelf adhesion (Fig. 7B, RA) . This latter effect was confirmed in vivo in pregnant mice treated intraperitoneally with RA at the stage where palate shelves are close to making contact (i.e. 14.2 d.p.c.). Eight-hours after injection a prominent increase in cell death was observed in all cases in the same areas where cell death occurs normally (Figs. 8A-8D ). Of particular interest was the fact that cell death occurred at the MEE even in the absence of contact (Figs. 8C-8F) , observation that is in agreement with the data presented above. At the end of pregnancy, approximately 73% of the RA treated embryos (14/19) had cleft palate (Fig. 8H ) compared to 0% of control injected mice (n ϭ 16/16). These data suggest that cells in the palate normally programmed to die are highly responsive to a death stimulus by RA, and that increased cell death in the MEE before contact could interfere with shelf adhesion causing cleft palate.
DISCUSSION
The formation of secondary palate involves several ordered steps starting with shelf growth and elevation, and followed by contact, adhesion, and disappearance of the MEE. Disruption at any stage of palate development could potentially cause cleft palate. Actually, cleft palate is a phenotype associated with mutations in several genes that might act at different stages of palate development (Kaartinen et al., 1995; Lohnes et al., 1994; Miettinen et al., 1999; Proetzel et al., 1995) .
Palate Shelf Contact Is Required for PCD Activation at the MEE
Our analysis focused on determining the role of cell death in the process of shelf fusion. PCD in the MEE of the anterior region always occurred after contact, whereas cell death in the MEE of the posterior region was seen before contact. PCD in the anterior and posterior regions finally converged to form a single area of cell death that corresponded precisely to the MES. Although cell death in the MEE has been observed by other groups, there is disagreement as to whether it occurs before (Martinez-Alvarez et al., 2000; Mato and Katahira, 1967; Smiley, 1970; Taniguchi et al., 1995) or after contact (DeAngelis and Nalbandian, 1968; Farbman, 1968; Mori et al., 1994; Sweney and Shapiro, 1970) . Our study reconciles these conflicting observations since in previous work the MEE area studied was either from the posterior region or was not specified.
Because cell death in the anterior region was observed only after contact, we considered the possibility that the contact event itself was able to turn on a cell death activation mechanism as had been previously suggested (Miller and Shapiro, 1968) . In support of this hypothesis, we observed that activation of cell death was very inefficient when contact was prevented. In contrast, rapid cell death activation occurred within the MEE when shelves were forced to come into contact. Contact might induce the fusion process and cell death could occur subsequently. However, the rapid activation of cell death after contact, together with additional results discussed below, suggest that PCD anticipates fusion. Contact could induce the production of molecules such as growth factors and their receptors that participate in cell death activation. Our data suggest that the death signaling molecule is already present at 13.5 d.p.c., but the competence to respond to this factor appears before contact in a time window between 13.5 and 14.5 d.p.c.
RA Regulates PCD in the Developing Palate
Previous work has shown that the teratogenic effects of RA depend strongly on the time of its application. Single RA applications into pregnant mice from 11.5-14.5 d.p.c. produce cleft palate and other malformations (Abbott et al., 1989; Newall and Edwards, 1981a,b) . Shelf growth and elevation as well as shelf fusion are processes that could be affected by the teratogenic doses of RA. We present here for the first time, data suggesting that the teratogenic effect of RA at the shelf fusion stage (i.e. 14.5 d.p.c.) results from a direct increase in MEE cell death.
By using an inhibitor of retinol dehydrogenase and an RAR antagonist, we also provide data indicating that endogenous RA is a relevant regulator of PCD. Supporting a role for endogenous RA in palate development, the double mutant Rar␣ Ϫ/Ϫ ; Rar␥ Ϫ/Ϫ mouse embryos display cleft palate with high frequency (Lohnes et al., 1994) . Transgenic mice expressing a dominant negative form of RAR␣ also show this alteration (Damm et al., 1993) . However, it is important to note that in these previous cases, the phase(s) at which palate development is disrupted has not been defined. Our data indicate that endogenous RA is an important regulator of PCD within the MEE, which function appears essential for shelf fusion (see below).
RA and its receptors (RARs) are candidate molecules for mediating the cell death activation promoted by contact. We found a positive correlation in the gain of responsiveness to contact and the gain of responsiveness to RA. Furthermore, we observed that RA-induced cell death in the MEE occurred with a kinetic profile similar to that observed FIG. 5. Expression patterns of Shh, Bmp-7, and Tgf␤-3 during palate shelf fusion and their regulation by RA. Gene expression was analyzed in palates cultured in the absence of exogenous RA (control) or the presence of RA, citral, or nerol. After whole mount hybridization, palates were transected in 50 m slices. Pattern seen in a slice between r4-r6 is shown (right picture). Expression of Shh was down-regulated by either RA and citral (A-D), whereas expression of Bmp-7 was up-regulated by RA and down-regulated by citral (F-I). Conversely, Tgf␤-3 appeared down-regulated by RA and up-regulated by citral (K-N). Gene expression pattern in palates freshly fixed was identical to the expression pattern of palates cultured in control medium (data not shown). Expression of Tgf␤-3 was detected at 14.5 d.p.c. palates before (J) and after contact (identical to the pattern shown in K) but not in 13.5 d.p.c. palates (data not shown). The strongest expression of Bmp-7 and Tgf␤-3 in 14.5 d.p.c. palates before contact (E, J) and after contact (F, K) was mainly restricted to the oral cavity side (top of each panel) of the MEE. Similar results were obtained in two independent experiments. B. C., 'before contact'; A. C., 'after contact'; n.d., 'not detected'.
FIG. 6. Evaluation of BMP function in palate PCD. Acrylic beads embedded in BMP or NOGGIN were located in the areas of the developing palate indicated (A, red or blue circles). Except when the bead was located outside the shelves, in all other cases the bead was inserted underneath the epithelial tissue. No changes in the cell death pattern were observed in any of the places where the bead was inserted (data not shown). Similar beads were located in the limb interdigital region (id) and the expected activity for BMP7 (or BMP2) and NOGGIN was observed, that is, BMP increased interdigital cell death and NOGGIN reduced BMP-7-induced and natural interdigital cell death (B-D). MEE was very efficiently infected with an adenovirus expressing LacZ (E). However, when palates were infected with Ad-SMAD-6, a recombinant adenovirus containing the coding sequence for SMAD-6, cell death in the MEE observed during fusion was not modified (data not shown). Activity of the SMAD-6 coded by Ad-SMAD-6 was verified by infecting interdigital regions. As expected, cell death was reduced in Ad-SMAD-6 (H) but not in Ad-LacZ (F, G) infected interdigits. Bar ϭ 50 m. after contact. Northern blot analyses indicate that Rar␣, Rar␤, and Rar␥ are expressed in the developing palate, and that their levels of expression remain constant from 13.5-14.5 d.p.c. (Naitoh et al., 1998) . Therefore, competence to activate cell death in the MEE in response to RA or contact does not appear to be related to changes in expression levels of any of the Rar's.
Recently, two studies have proposed a role for endogenous RA in interdigital PCD. Dupé et al. (1999) observed that in double mutant Rar␤ Ϫ/Ϫ ;Rar␥ Ϫ/Ϫ mouse embryos, interdigital cell death is significantly reduced and is accompanied by a reduction in expression of Bmp-7 but not of Msx-1 and Msx-2, among other genes studied. In a more direct study in chick limbs, Rodriguez-Leon et al. (1999) show that application of RAR antagonist impregnated beads in the interdigital region reduces cell death. Interestingly, they observed an increase in Msx-2 and Bmp-7 expression when RA was applied to the interdigital region, and a down-regulation of Msx-2 when the RAR antagonist was used. Activation of interdigital cell death by exogenous RA required a BMP molecule since NOGGIN, a natural BMP antagonist, blocked its effect (Rodriguez-Leon et al., 1999) .
To determine the mechanism by which RA regulates cell death in the developing palate, we studied genes that are expressed in regions undergoing PCD. Among the genes studied, Bmp-7 was the only gene whose expression was restricted to all palate regions undergoing PCD and could possibly be directly correlated to the cell death inducing activity of RA. Therefore, it was quite surprising to us that BMP-7 and BMP-2 were unable to activate cell death in palatal tissue. Furthermore, we were also unable to reduce the PCD in the palate to any significant extent with the BMP signaling inhibitors NOGGIN and SMAD-6. These data are in contrast with several studies showing the ability of BMPs to activate cell death or the requirement of this type of factor for PCD. Of particular importance are the studies mentioned above where it is proposed that RA mediates its pro-apoptotic activity through the upregulation of Bmp-7 and Msx-2. Additional reports have shown the same interrelationship between members of the Bmp and Msx families in the control of developmental cell death (Ferrari et al., 1998; Graham et al., 1994; Marazzi et al., 1997) . Consistent with a 'weak' signaling by BMPs related to PCD during palate development, we have not detected Msx-1 and Msx-2 expression in palate regions undergoing PCD (data not shown). On the basis of our data and a recent in vitro study using a teratocarcinoma cell line (Fujita et al., 1999) , we propose that RA and BMPs both have independent mechanisms for cell death activation, but when they are present together a synergistic activation of PCD is obtained. Perhaps signaling by both factors is 'weak' in the interdigital region and their simultaneous action is required for efficient cell death activation. In the palate, cell death activation could be strongly induced by RA and only very weakly by BMPs and as a consequence, the presence of BMPs may not be required for PCD. In agreement with this proposal, Bmp-7 Ϫ/Ϫ mutant mice display limb defects but not cleft palate (Dudley et al., 1995; Luo et al., 1995) .
PCD Is Required for Palate Shelf Fusion
During palate shelf fusion, concomitant to PCD, cell migration and epithelial-mesenchyme transformation have been reported to occur in the MES. There is evidence indicating that cells along the MEE could migrate to the nasal and oral cavities to form epithelial triangles, and thus contribute to fusion (Carette and Ferguson, 1992) . On the other hand, several reports have shown that epithelial-mesenchyme transformation occurs during palate shelf fusion (Fitchett and Hay, 1989; Griffith and Hay, 1992; Shuler et al., 1991) . This latter process has been considered a major contributor to palate shelf fusion but its essential role has not been demonstrated. According to these reports, PCD could be a secondary event resulting from cell migration or differentiation. Contrary to this view, we propose that cell death is the primary process required for shelf fusion. Our conclusion is based on the following arguments: (1) PCD in the MEE is an early event preceding the fusion process itself. At least for the anterior region, PCD is an immediate response to shelf contact. (2) Large numbers of dying cells are detected within the MEE during the fusion process in contrast to the few cells that are transformed to mesenchyme. (3) In vitro, degeneration of the MEE occurs within a very narrow time window (no longer than 24 h) during which we observed a lot of dying cells and no cells being transformed to mesenchyme (R.C. and L.C., unpublished observations). (4) Blocking cell death with a broadspectrum caspase inhibitor prevents MEE degradation and hence shelf fusion. Also, palate MEE degradation appears to be prevented in Apaf-1 Ϫ/Ϫ mutant mice (Cecconi et al., 1998) .
It is important to note that our in vitro studies show that intimate adhesion between MEE can occur in the absence of PCD but the MES does not degenerate. On the other hand, excessive cell death before contact appears detrimental for adhesion and consequently for fusion. This latter phenomenon could be the cause of cleft palate in embryos treated with RA in vivo. Our in vitro studies indicate that RA is not involved in shelf adhesion but it is involved only in the degenerative stage of the MEE. Even though our data support the view that cell death is the major process controlling epithelial degeneration, contributions by cell differentiation or migration remain possible. In conclusion, we show that PCD at the MEE is a critical process for palate shelf fusion and that RA is a relevant activator of this process at the time of shelf contact without the apparent participation of BMP molecules.
